In gastric cancer, the non-canonical Wnt signaling pathway is activated by Wnt5a, which has a critical role in disease outcome. Previous studies have shown that Wnt5a mediates the expression of the extracellular matrix protein laminin c2 through Rac and JNK activation to promote gastric cancer progression. However, the mechanism of this regulatory pathway has not been completely addressed. The scaffold protein Dvl is a major component of the Wnt signaling pathway. Here, we show that Dvl-associating protein with a high frequency of leucine residues (Daple) mediates Wnt5a-induced laminin c2 expression. Immunohistochemical analysis showed marked expression of Daple in advanced clinical stages of gastric cancer, where it highly correlated with Wnt5a ⁄ b and laminin c2 expression, the depth of wall invasion, and the frequency of lymph node metastasis. In cultured cancer cells, Daple depletion led to the suppression of Wnt5a-induced Rac and JNK activation, laminin c2 expression, and cell migration and invasion. Accordingly, Daple depletion also suppressed liver metastasis in a mouse xenograft model of gastric cancer. These results suggest that the non-canonical Wnt signaling pathway contributes to gastric cancer progression at least in part via Daple, which provides a new therapeutic opportunity for the treatment of the disease.
S
ignificant progress has been made in the diagnosis and treatment of gastric cancer, leading to a decrease in the mortality rate of patients with the disease. Nonetheless, many cases with delayed diagnosis and metastasis are intractable, making gastric cancer the third leading cause of cancer deaths worldwide.
(1) To date, multiple genes, proteins and signaling pathways have been found to be deregulated in gastric cancer. (2) (3) (4) (5) However, the mechanisms underlying the tumorigenesis, heterogeneity and metastasis of gastric cancer are less well understood.
Previous studies have demonstrated that Wnt signaling represents one of the deregulated pathways in gastric cancer. (6) Wnt signaling is essential for embryonic development and adult tissue homeostasis and is involved in cancer initiation and progression. It consists of two distinct branches that signal intracellularly: canonical and non-canonical pathways. (7) (8) (9) Activation of the canonical pathway induces b-catenin nuclear accumulation and Wnt target gene transcription. (10) Mutations in components of the canonical pathway, such as b-catenin, adenomatous polyposis coli and Axin genes, are involved in human cancer initiation. (11, 12) The non-canonical pathway is independent of b-catenin; instead, members of the Rho family of small GTPases, including Rac and Rho, and JNK transmit the signals to promote cell motility. (13, 14) Accordingly, aberrant activation of non-canonical pathway components has been implicated as well in invasion and metastasis in human malignancies. (15) High levels of Wnt5a, a ligand that utilizes the non-canonical pathway, have been reported to promote invasion in advanced gastric cancer. (16) (17) (18) Wnt5a has been shown to induce the expression of laminin c2, a subunit of the extracellular matrix laminin 5 protein that constitutes the epithelial basement membrane, through the activation of Rac, JNK and the transcription factor jun D. (17) In turn, laminin c2 expression promotes cancer cell adhesion and invasion. (19) Importantly, cytoplasmic staining for laminin c2 has been observed at the invasive front of gastric cancer and correlated with Wnt5a expression, indicating the relevance of the Wnt5a ⁄ laminin c2 pathway in gastric cancer progression. (17, 20) However, the mechanisms by which Wnt5a induces this process remain unclear.
In the present study, we investigated the involvement of Dvl-associating protein with a high frequency of leucine residues (Daple) in the Wnt5a ⁄ laminin c2 pathway in gastric cancer. Daple was originally identified as a binding protein for Dvl, which is a scaffold protein essential for transducing both Wnt signalling pathways. (21) Daple is a large 226 kDa protein that has unique end-terminal domains that flank a central long coiled-coil domain. We previously reported that Daple controls the non-canonical Wnt signaling pathway to regulate cell motility. (22) Daple mediates the Wnt5a-induced interaction of Dvl with atypical protein kinase C (aPKC), which promotes Rac activation and lamellipodia formation in migrating fibroblasts. Consistent with this was the finding that a Xenopus paralogue of Daple (xDal) is pivotal for the movements of convergent extension during gastrulation. (23) To date, the reported involvement of Daple in the development and progression of human diseases constitutes a missense mutation in the human Daple gene (CCDC88C) that activates JNK and causes spinocerebellar ataxia. (24) Here, using tissue sections from patients with gastric cancer, we demonstrated the relevance of Daple expression to gastric cancer progression. We also clarified, using cultured cancer cells and a xenograft mouse tumor model, that Daple mediates Wnt5a-induced laminin c2 expression and regulates gastric cancer invasion and metastasis.
Materials and Methods
Tissue samples and histological analysis. We obtained 130 tissue samples from patients with gastric cancer who underwent surgical treatment at Nagoya University Hospital between 2001 and 2006. Pathological diagnosis was made following classification of each case by the World Health Organization (WHO) and Lauren systems. (25) Diffuse-type cases, which correspond to poorly differentiated adenocarcinomas, were further divided into diffuse-scattered and adherent types. (16, 26) The Mucin phenotype was estimated by immunostaining with CD10, MUC2, MUC6 and MUC5AC antibodies. (27, 28) Tumor staging was performed based on the TNM classification system. The study was approved by the Ethics Committee of Nagoya University.
Immunohistochemistry. Formalin-fixed and paraffinembedded tissue sections were stained with anti-Daple (1:100; IBL, Gumma, Japan), anti-Wnt5a ⁄ b (1:50; Cell Signaling Technology, Danvers, MA, USA), anti-laminin c2 (1:200; Millipore, Bedford, MA, USA) and anti-b-catenin (1:1000; BD Transduction Laboratories, San Jose, CA, USA) antibodies. The sections were pretreated by boiling in citrate buffer (pH 7.0) for Daple, Wnt5a ⁄ b and b-catenin staining or by incubation with proteinase K for laminin c2 staining. After blocking with Protein Block Serum Free (Dako, Glosturp, Denmark), the sections were incubated with primary antibodies overnight at 4°C, then with secondary antibodies (Envision+, Dako). Reaction products were visualized using diaminobenzidine (Dako).
Cell culture, proliferation assay and RNA interference. Gastric cancer cell lines MKN45 and KKLS were purchased from the ATCC (Rockville, MD, USA) and provided by the Human Cancer Cell Line Bank (Cancer Research Institute of Kanazawa University, Japan), respectively. Cells were grown in RPMI 1640 ⁄ 10% FBS. For cell proliferation assays, KKLS cells were seeded at 5 9 10 4 cells per 35-mm dish; after 12 h, the medium was replaced with RPMI 1640 ⁄ 1% FBS. The cells were counted every 24 h for 3 days. For RNA interferencemediated depletion (knockdown) of Daple, human Daplespecific (target sequence, 5 0 -TCCAGCTGCGCGTTGTTCA GTGAGG-3 0 ) and control siRNAs were synthesized by Qiagen (Hilden, Germany). The siRNAs were transfected into MKN45 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to manufacturer instruction. The target sequences for shRNA mediated Daple knockdown were as follows (only the sense sequence is shown): Daple #1, 5 0 -GGTGCAAGCTCGATGTGTA-3 0 ; Daple #2, 5 0 -GCACCAAA GGCTATAACTC-3 0 and Daple #3, 5 0 -GCCTGGAGCGTGA-CAACAA-3 0 . The oligonucleotide pairs were inserted into the pSIREN-RetroQ retroviral shRNA expression vector (Clontech, Palo Alto, CA, USA) to generate recombinant retroviruses as previously described, (29) followed by infection of KKLS cells and puromycin selection.
Western blot analysis. Cells were lysed in SDS sample buffer. GTP loading of Rac was determined by pull-down assay using GST-PAK-PBD (Cytoskeleton, Denver, CO, USA). Samples were separated by SDS-PAGE, and proteins were transferred to PVDF membranes (Millipore). The membranes were blocked in 4% skimmed milk, and probed with anti-Daple (1:500), anti-laminin c2 (1:1000), anti-Wnt5a ⁄ b (1:1000), antiRac1 (1:1000; Millipore) and anti-phospho JNK and anti-JNK (1:100; Cell Signaling Technology) antibodies. After incubation with HRP-conjugated secondary antibodies (Dako), immunoreactivity was detected with an enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ, USA).
Quantitative RT-PCR. Total RNA was extracted from KKLS cells with TRIzol reagent (Invitrogen) according to manufacturer protocol. The RNA was then reverse transcribed into cDNA using the Rever Tra Ace qPCR RT kit (Toyobo, Osaka, Japan), following manufacturer protocol. Gene expression levels were quantitatively measured using the Thunderbird SYBR qPCR mix (Toyobo) and analyzed with a MX Pro 3000P Quantitative PCR System and MX Pro software (Stratagene, La Jolla, CA, USA). The primer sequences were as follows: human LAMC2 (laminin c2 gene), forward, 5
0 . Cell migration and invasion assays. Cell migration was examined with transwell assays using 8-lm pore polyethylene terephthalate membranes (BD Bioscience). Chambers were coated with 10 lg ⁄ mL fibronectin or 10 lg ⁄ mL type 1 collagen for KKLS or MKN45 cells, respectively. The cells (2.5 9 10 4 ) were suspended in 100 lL RPMI ⁄ 0.1% BSA and seeded in the upper chamber. In the lower chamber, RPMI ⁄ 10% FBS was added. After 6 h, migrated cells were fixed and counted. KKLS cell invasion was assayed using Biocoat Matrigel invasion chambers (8-lm; Corning, Corning, NY, USA). KKLS cells (2.5 9 10 4 ) were added to the upper chambers and allowed to invade for 48 h.
Xenograft mouse tumor model and metastasis assay. All animal studies were approved by the Animal Care and Use Committee of Nagoya University Graduate School of Medicine, and all the experiments were performed in accordance with institutional guidelines and regulations. In metastasis assays to investigate spontaneous metastasis of gastric cancer cells to the liver from the spleen, we injected 5 9 10 5 KKLS cells into the spleen of 6-week old nude mice (BALB ⁄ cSls-nu ⁄ nu) through a 29-gauge needle. After 5 weeks of injection, the liver was enucleated, and the numbers of metastatic nodules with diameter >2 mm were counted. The size of metastatic nodules with diameter >1 mm was measured from tissue sections.
Statistical analysis. All statistical analysis was performed using GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). The v -test was used to analyze correlations between Daple expression and clinicopathological parameters. The overall survival was defined as the time between the date of surgery and the last date of follow up. Kaplan-Meier survival curves were created, wherein the differences between groups were evaluated by a log-rank test. For in vitro experiments on cultured cells, statistical analyses were carried out using Student's t-test. Mann-Whitney's U-test was used for the analysis of metastasis assays. P-values < 0.05 were considered statistically significant.
Results
Daple is highly expressed in advanced stages of gastric cancer.
To evaluate the relevance of Daple expression in the progression of gastric cancer, we performed immunohistochemical analysis on tissue sections from 130 patients with gastric cancer and tissue array slides of human normal stomach (SuperBiochips Laboratories, Seoul, Korea). Preliminary experiments showed no or weak staining for Daple in the epithelia of normal stomach or in cancer cells from the early stage of gastric cancer, whereas Daple expression was clearly observed in cancer cells at more advanced stages (Fig. 1a) . To statistically evaluate Daple expression, we constructed a scoring system in analogy with the Allred scoring system for estrogen and progesterone receptor expression in breast cancer, (30) where the intensity and frequency (proportion) of cytoplasmic Daple expression was graded by intensity score (IS) (0-3) (Fig. 1b) and proportion score (PS) (0-3) (Fig. 1c) . A total score (TS) (representing the sum of IS and PS) >3 was defined as Daple positive (Fig. 1c) ; these constituted 85 ⁄ 130 (65.38%) cases.
We next analyzed the correlation between Daple positivity and clinicopathological parameters in the current cohort (Table 1) . No significant association was found with patient age, gender, tumor size, tumor location, WHO classification or Mucin type. In contrast, Daple expression was statistically correlated with the depth of gastric wall invasion (the T component of the TNM classification) (P = 0.001), the frequency of lymph node metastasis (the N component) (P = 0.0162) and clinical stage (P = 0.0037). Specifically, Daple positivity rate was significantly high in patients at T2-T4 (76.1%), with lymph node metastasis-positive (74.3%) and at clinical stage II-IV (76.5%). Furthermore, the Kaplan-Meier survival curve showed that the postoperative survival rate was significantly lower for patients who were Daple-positive rather than Daplenegative (P = 0.0166 by log-rank test) (Fig. 1d) . It should be noted that the overall survival was significantly influenced by other factors, including the depth of wall invasion, positive rate for lymph node metastasis and TNM stage (P < 0.0001) ( Table S1 ), suggesting that Daple positivity does We previously showed that Daple mediates Wnt5a-induced Rac activation through the non-canonical Wnt pathway. (22) As Wnt5a expression was also shown to correlate with laminin c2 expression and gastric cancer aggression, (17) we investigated whether Daple expression is also correlated with Wnt5a and laminin c2 in our patient cohort. We evaluated Wnt5a ⁄ b expression by the same scoring system as used for Daple, and laminin c2 expression was assessed as positive when signal was apparent in the cytoplasmic region of cancer cells. In addition, considering previous findings that altered expression and mutational activation of b-catenin were found in gastric cancer, (31) we monitored nuclear staining for b-catenin, which is indicative of canonical Wnt signaling pathway activity. We found that Daple expression was significantly correlated with Wnt5a ⁄ b positivity (P < 0.001) but not with b-catenin nuclear staining in our cohort (P = 0.3194) ( Table 2) , suggesting a role for Daple in the non-canonical Wnt signaling pathway.
Previous studies classified poorly differentiated gastric cancer into the diffuse-scattered type, where cancer cells exhibit weak intercellular adhesion, and diffuse-adherent type, where cancer cells form connected group; therein, Wnt5a and laminin c2 coexpression was apparent in diffuse-scattered types but not in other types of gastric cancer. (17) Given this finding, we differentially examined Daple expression in diffuse-scattered type versus other types in our cohort. The results showed that both Wnt5a ⁄ b and cytoplasmic laminin c2 expression significantly correlated with Daple positivity when limited to the diffusescattered type (P < 0.001 and P < 0.01, respectively) ( Table 2 , Fig. 1e) . In other types, although Daple and Wnt5a ⁄ b expression were significantly correlated (P < 0.001), significant correlation was not observed between Daple and cytoplasmic laminin c2 expression (P = 0.54) ( Table 2 , Fig. 1f ). These data, together with the association of Daple expression with clinicopathological features, suggest that Daple preferentially coexpresses with Wnt5a ⁄ b and laminin c2 to regulate the noncanonical Wnt signaling pathway in invasive gastric cancer.
Daple mediates Wnt5a-induced laminin c2 expression and invasion of gastric cancer cells. In gastric cancer cells, laminin c2 expression is regulated by Wnt5a through Rac activation and JNK phosphorylation. (17, 18) Therefore, we examined the effect of Daple knockdown on these effects in the MKN45 gastric cancer cell line. In addition, MKN45 cells exhibit weak endogenous Wnt5a expression. (16) Thus, we can study the effect of exogenous Wnt5a; this increased laminin c2 expression, Rac activation and JNK phosphorylation in control cells, all of which were abrogated by Daple knockdown (Fig. 2a) . We previously reported that Daple knockdown attenuated Wnt5a-induced migration in fibroblasts. (22) Here, we showed that exogenous Wnt5a expression increased MKN45 migration and invasion through the Matrigel (Fig. 2b,c) , which were significantly attenuated by Daple knockdown.
We further examined Daple function in the KKLS gastric cancer cell line, which expresses high levels of Wnt5a. (17) We generated control and Daple-depleted KKLS cells by retrovirus-mediated transduction of control and three different Daple-specific shRNAs (#1-3). Variable Daple knockdown efficiency was observed in stably transduced cells without affecting Wnt5a expression (Fig. 3a) . Quantitative RT-PCR analysis showed that Daple knockdown was accompanied by a decrease in LAMC2 expression (Fig. 3b) . Of note, KKLS cells transduced with Daple shRNA#3, in which mild knockdown of endogenous Daple was observed, did not exhibit significant changes in laminin c2 expression, showing the specificity of the experiment.
We next examined the effect of Daple knockdown on KKLS migration and invasion, using Daple shRNA#2 (Figs 3c,d and  4) . Daple depletion significantly decreased migration and invasion compared with control cells. However, cell proliferation was not affected, showing the specific role of Daple for cell motility in gastric cancer cells (Fig. 3e) .
Daple is involved in gastric cancer cell metastasis. Given that Daple expression was correlated with lymph node metastasis (Table 1) , we examined the effect of Daple knockdown on metastasis in a xenograft tumor mouse model (Fig. 4) . We utilized the KKLS cell line because it was established from a human primary gastric cancer with liver metastasis. Accordingly, control KKLS cells transplanted intrasplenically exhibited the propensity for liver metastasis in immunocompromised mice (Fig. 4a) . In contrast, Daple knockdown KKLS cells rarely metastasized to the liver, and the number of metastatic nodules was significantly decreased compared with control cells (P = 0.0397) (Fig. 4a,b) . However, metastatic nodule size was not significantly affected by Daple knockdown (Fig. 4c) . Immunohistochemical analysis of metastatic tissues showed coexpression of Daple and Wnt5a ⁄ b in control but not Daple-depleted tumors (Fig. 4d) . Wnt5a ⁄ b expression was comparable between groups, suggesting that Daple functions downstream of Wnt5a ⁄ b, consistent with our biochemical data on cultured cancer cells (Fig. 2a) . Taken together, these findings suggest that Daple mediates Wnt5a-expressing gastric cancer cell metastasis.
Discussion
Despite recent advances in gastric cancer treatments, the prognosis of advanced disease remains poor because of the high frequency of metastasis to distant organs and dissemination, (33) highlighting the importance of understanding the underlying mechanisms for cell motility in this disease. Here, we showed that Daple is highly expressed in advanced gastric cancer, where its expression significantly correlated with the depth of gastric wall invasion, frequency of lymph node metastasis and poor prognosis. We also demonstrated that Daple mediates the non-canonical Wnt signaling pathway to regulate laminin c2 expression, previously shown to be critical for gastric cancer progression. (17, 19) These findings offer an opportunity for the development of new therapeutics for advanced gastric cancer.
Although Daple and Wnt5a ⁄ b expression were correlated in our immunohistochemical study (Table 2) , MKN45 cells showed high Daple but low Wnt5a ⁄ b expression (Fig. 2a) . In addition, stimulation with exogenous Wnt5a did not affect Daple expression in MKN45 cells, suggesting that Wnt5a does not directly regulate Daple expression in gastric cancer cells. Daple has been listed among Wnt target genes, the transcription of which is regulated by b-catenin downstream of the canonical Wnt signaling pathway. (34) However, this was not supported by our present study, wherein Daple expression was not correlated with b-catenin nuclear localization (Table 2) ; in MKN45 cells, b-catenin was localized at the cell membrane (data not shown). Alternatively, the estrogen receptor a (ERa) has been shown to interact with the human Daple gene to regulate its transcriptional activity in human breast cancer cells. (35) Given that altered ERa expression is involved in the increased metastatic potential of gastric cancer, (36) the role of ERa-mediated signaling in Daple expression induction in gastric cancer as well as the crosstalk between the non-canonical Wnt signaling pathway and ERa-mediated signaling should be investigated.
Our data showed that Daple expression significantly correlates with laminin c2 only in diffuse-scattered type gastric cancer (Table 2) , which notably was also shown to exclusively exhibit correlation of Wnt5a with laminin c2. (16) One plausible hypothesis to explain such histologically-specific functioning is that, because laminin c2 is a major component of laminin 5, which constitutes the cancer stroma that supports cancer cell invasion, (19, 37) laminin c2 expression might be specifically important for the invasion of small cancer cell nests that accompany the desmoplastic reaction and fibrosis of cancer stroma as occurs in the diffuse-scattered type of gastric cancer. Furthermore, Daple expression correlated with Wnt5a ⁄ b expression independently of histological type ( Table 2 ), suggesting that the Wnt5a ⁄ Daple pathway has multifaceted, laminin c2-independent roles in cancer progression (Fig. 4e) .
In addition, in the non-canonical Wnt signaling pathway, the mechanisms of laminin c2 induction by Rac activation and subsequent JNK phosphorylation have been established. (17, 18) However, the mechanism of Rac activation by Daple is complex and not completely understood. We previously showed that Daple regulates the subcellular localization of Dvl ⁄ aPKC complex to regulate Rac activity. (22) However, another recent hypothesis is that Daple links non-canonical Wnt stimulation to tripartite G-protein activation, which enhances Rac activation and contributes to colorectal cancer invasiveness. (38) Overall, these disparate possibilities indicate that further studies are required to reveal the biochemical mode of Daple function downstream of non-canonical Wnt stimulation in various types of gastric cancer. 
